Nephrolithiasis is a major public health problem with a complex and varied etiology. Most stones are composed of calcium oxalate (CaOx), with dietary excess a risk factor. Because of complexity of mammalian system, the details of stone formation remain to be understood. Here we have developed a nephrolithiasis model using the genetic model Drosophila melanogaster, which has a simple, transparent kidney tubule. Drosophilia reliably develops CaOx stones upon dietary oxalate supplementation, and the nucleation and growth of microliths can be viewed in real time. The Slc26 anion transporter dPrestin (Slc26a5/6) is strongly expressed in Drosophilia kidney, and biophysical analysis shows that it is a potent oxalate transporter. When dPrestin is knocked down by RNAi in fly kidney, formation of microliths is reduced, identifying dPrestin as a key player in oxalate excretion. CaOx stone formation is an ancient conserved process across Ͼ400 My of divergent evolution (fly and human), and from this study we can conclude that the fly is a good genetic model of nephrolithiasis.
Drosophilia 1) which mediates tubule oxalate crystal formation, 2) which is an electrogenic Cl Ϫ /Ox 2Ϫ exchanger, and 3) which when knocked down decreases CaOx crystal formation.
MATERIAL AND METHODS
Drosophilia. Flies were kept on standard medium or dietary salt substitution in vials at 22°C, 12:12-h photoperiod, and 40% relative humidity. CantonS was used as wild-type and line c825, which expresses GAL4 in the principal cells of the initial and main segments of the Malpighian tubule (50) .
Cell-type specific knockdown of dPrestin. An elegant transgenic system, GAL4/UAS (upstream activation sequence), allows tissue-or cell-type specific genetic intervention in Drosophilia (4) . The "GAL4 driver" lines contain the gene for the yeast transcription factor GAL4 under control of a Drosophilia promoter of choice. When crossed to a second transgenic fly line in which a genetic construct of choice is placed downstream of the UAS promoter, then the transgene is expressed only in those cells where GAL4 is being expressed. In this case, we used the Uro-GAL4 driver (53) , in which the promoter of the utterly tubule principal-cell specific gene urate oxidase drives GAL4 expression, and crossed it to NIGFly line 5845R3 (National Institute of Genetics), which contains a hairpin dsRNA sequence directed against dPrestin.
Dietary salt substitution. This was performed as described previously (51) . Na-oxalate was dissolved in 100 ml of standard growth media (0.1% low; 1% high) just after its preparation and mixed, and the diet was left to set. Diet was freshly prepared to avoid any changes in the concentration of the salts due to evaporation.
Birefringence experiments. Adult flies (7 days) were allowed to feed in normal food or dietary substitution for 24 h. Malpighian tubules were dissected in Schneider's medium and transferred immediately to poly-L-lysine-coated slides with PBS for visualization using a Zeiss Axiophot microscope. For in vitro experiments, PBS ϩ 0.75 mM Na-oxalate was used.
X-ray diffraction. Drosophilia Malpighian tubules were drawn into a quartz capillary and dried, and diffraction data were collected on an in-house X-ray source (⌬ ϭ 180°at 1°/min.). Images were background corrected using either pixel-by-pixel subtraction or radial averaging.
Real-time RT-PCR. Drosophilia Malpighian tubule cDNA was generated as described (5) . The cDNA was used as a template for the generation of the complete prestin open reading frame and the PCR fragment used for RNAi.
Quantitative RT-PCR. Quantitative RT-PCR validation was performed as described elsewhere (49) . mRNA was prepared from 7-day-old CantonS or experimental tubules using Qiagen RNAeasy column. Superscript II and an oligo-dT were used for reverse transcription. For each sample, 500 ng of cDNA were added to 12.5 l of 2 M SYBR green reaction mix (Finnzymes, GRI, Essex, UK) and 1 l of 6.6 M forward and reverse primers. An Opticon 2 thermocycler was set as follows: 95°C for 15 min followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. The ribosomal protein 49 (rp49) gene was used as a standard in all experiments. For each condition, we used four independent samples; each PCR was repeated three independent times to verify results.
Animal health and welfare. Xenopus laevis were housed and cared for in accordance and approval of the Institutional Care and Use Committees of the Mayo Clinic.
Drosophilia Slc26a5 constructs. The sequence of Drosophilia prestin (Slc26a5; CG5485) has been previously reported (59) . We designed PCR primers to amplify the open reading frame plus restriction sites. The Drosophilia prestin sequence was verified.
Oocyte experiments. Drosophilia prestin was subcloned into the pGEMHE Xenopus expression vector, capped cRNA synthesized; oocytes injected with 50 nl cRNA (0.2 g/l, 10 ng/oocyte) or water as previously for other transporters (22, 30, 39, 41) ; and incubated at 16°C in OR3 media. Oocytes were studied 3-10 days after injection.
Electrophysiology. Electrophysiology protocols were performed as we previously reported for Slc26a6 (30, 32, 62). All solutions were either ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.5) or iso-osmotic ion replacements (47 
RESULTS

Dietary loading recapitulates oxalate nephrolithiasis in
Drosophilia. In humans, high dietary oxalate levels are associated with increased incidence of CaOx stones. Experimental food for flies does not normally contain oxalate. To induce increased oxalate elimination via Malpighian tubules, Drosophilia larvae were fed on diet supplemented with sodium oxalate (see MATERIALS AND METHODS). Remarkably, CaOx microliths were observed within 2 days (Fig. 1, A-C) ; CaOx crystals show characteristic birefringence (Fig. 1, A and D-F) , allowing a rapid screen for their existence, even in live larvae.
To confirm that monolith formation was a direct product of oxalate transport by the renal tubules, dissected tubules were incubated in vitro in culture medium supplemented with oxalate. Rapid nucleation of microliths was observed within minutes ( Fig. 1, D-F ) and could be followed over several hours (see Supplemental Movie S1; Supplemental Material for this article is available online at the Am J Physiol Renal Physiol website). The Drosophilia tubule is a site of rapid calcium excretion (15) , so transport of oxalate into the lumen could result in supersaturation with respect to CaOx (which has a solubility product ϳ2.4 ϫ 10 Ϫ9 at 25°C), exactly mimicking conditions conducive to stone formation in humans.
Likewise feeding adult Drosophilia with oxalate supplementation results in rapid (6 -12 h) CaOx-microlith formation. These crystals can be observed by tubule microdissection and birefringence ( Fig. 1) or alternatively in the intact animal using micro-computed tomography (micro-CT; Fig. 2 ). As with a human patient, CT allows an in situ assessment of CaOx microlith location and abundance. Figure 2 illustrates that oxalate fed-Drosophilia have CT dense material (CaOx) in the Malpighian tubules (MTs) while control Drosophilia do not.
Drosophilia prestin (Slc26a5/a6) is an electrogenic Cl
Ϫ / ox 2Ϫ exchanger. Next, we sought to determine the protein responsible for the CaOx accumulation. Recently, Schaechinger and Oliver (46) showed that nonmammalian prestin (Slc26a5) could function as an electrogenic Cl system. Figure 3 (Fig. 3B) . Since Cl Ϫ removal in the absence of oxalate caused only slight currents in dPresrin and mSlc26a6 expressing oocytes (Fig.  3D) , almost all of their transport currents are due to Cl Ϫ /ox 2Ϫ exchange. These data illustrate that dPrestin mediates electrogenic Cl Ϫ /ox 2Ϫ exchange (Fig. 3A, right) . This activity is similar to the activity that we and others have reported for Slc26a6 (9, 19, 26, 27, 30, 32, 37, 58, 62 (24) . These activities have also been reported and characterized for Slc26a6 ( Fig. 3C ; Refs. 9, 19, 26, 27, 30, 32, 58, 62) . Interestingly, the absolute magnitude of Cl Ϫ /ox 2Ϫ exchange is similar in Fig. 3 . These new data reveal that dPrestin-mediated Cl Ϫ /SO 4 2Ϫ exchange is faster than Cl Ϫ /ox 2Ϫ exchange in insects (Fig. 3C, left) , while the reverse is true for mouse Slc26a6 (Fig. 3C, right) . This difference in substrate preference likely represents a Drosophilia (perhaps even Diptera) adaptation not needed in mammals. Varying [ox 2Ϫ ] and performing similar experiments reveals that dPrestin is close to saturation at 1 mM (K m ϭ 0.64 Ϯ 0.09 mM at 0 mV; V max ϭ 0.85 Ϯ 0.06 A at 0 mV) while mouse Slc26a6 is not (K m ϭ 3.5 Ϯ 1.1 mM at 0 mV; V max ϭ 6.00 Ϯ 1.49 A at 0 mV). Table 1 dPrestin knockdown decelerates crystal accumulation. As dPrestin is expressed in epithelia, and functions as a Cl Ϫ /ox 2Ϫ exchanger, it could mediate tubule oxalate transport. As mammalian Slc26a6, dPrestin mRNA is enriched in the tubule and the gut (Fig. 4A) . Within the tubule, it is possible to titrate expression of genes cell specifically using the GAL4/UAS system with appropriate GAL4 drivers (51), so dPrestin was taken down in the initial and main segments of the tubule with the Drosophilia GAL4 line c825, which drives expression in tubule principal cells. The different dsRNA lines were found to reduce dPrestin mRNA levels by 50 -70% (Supplemental Fig.  S1 ), and this was sufficient to produce a marked phenotype (Fig. 4B) . Birefringent luminal concretions were markedly reduced in the tubule (Fig. 4B) , confirming that dPrestin mediates rapid oxalate transport. This effect is more pronounced in the anterior Malpighian tubules (Fig. 4C) , which have higher overall transport (15) . Tubule crystals are CaOx. To make sure that crystals formed in Drosophilia Malpighian tubules were indeed CaOx (2), we used X-ray diffraction to definitively identify the crystals that formed in the tubules (Fig. 5) . Figure 5B shows a Malpighian tubule with crystals, which was placed in the beam path of an X-ray diffractometer. The resulting diffraction pattern (Fig. 5A,  1-18 ) was identified by comparison to standards (21, 52, 56) . Peaks assigned to CaOx monohydrate and dihydrate were identified ( Table 2 ; Supplemental Fig. S2 ) as well as NaCl and hexagonal lipid from the partly dried tubule preparation.
DISCUSSION
Drosophilia model for Ox
2Ϫ transport and regulation. Mutations in Slc26 anion transporter-channel proteins cause a variety of human diseases, e.g., diarrhea, deafness, goiter, and S2 ). After 36 h of oxalate-supplemented food, crystals can be observed by birefringence (as in Fig. 4B ). Knowing this, whole flies (3 Ox-fed and 2 Ctl) were fixed with ethanol, air dried, and then attached to polyethylene tubing. The entire assembly was embedded in wax (to prevent dehydration and movement of flies), then scanned over 24 h using micro-CT with a voxel resolution was 6 m. Image is a maximum intensity display which shows the calcium (white) nicely but suppresses the "soft" tissue information (bodies of the flies). These experiments have been repeated at least three times with similar results. B: surface rendering of micro-CT image for fly 3. Botttom: images include the density extremes: low density (air sacs) and high density (CaOx). (11, 28, 40) , potentially linking them to hypertension (8, 29, 60) . In the absence of an obvious Slc26a6 orthologue in flies, Drosophilia prestin (Slc26a5) seems to function as a Slc26a6-homologue transporter, perhaps representing ancestral gene function. Figure 6 shows that insect and worm Slc26a5/a6 proteins sit between vertebrate Slc26a5 and Slc26a6 clades, confirming their ancestral origin apparently predating the divergence into vertebrate subfamilies. Although there are other Drosophilia Slc26 genes, these appear to be an adaptive radiation of a Slc26a11 ancestor (Supplemental Fig. S3 ), a member with poorly understood transport function. dPrestin mediates the transports of not only oxalate and chloride but also bicarbonate, sulfate; and formate and thus likely contributes to the metabolism of these compounds in gut and Malpighian tubules.
The present work shows that a major renal pathophysiology (CaOx kidney stones) can be recapitulated rather precisely in the potent genetic model, Drosophilia, and identify a key transporter (dPrestin) that participates in the process (Fig. 7) . Recently, ethylene glycol-intoxication associated with oxalate Values are means Ϯ SE; ns, not significant; *P Ͻ 0.02 for dPrestin vs. mSlc26a6 at the same Vm. †P Ͻ 0.005 for dPrestin vs. mSlc26a6 at the same Vm (n Ͼ 3 for each data point of each clone). stones was reported in Drosophilia (6) and we did further examination including genetic association with oxalate stones for establishing fly stone model. The studies in this report show that Drosophilia can specifically mimic 1) CaOx crystal formation (Figs. 1 and 5) , 2) tubule oxalate secretion (Figs. 1 and  4) , 3) gut and renal tubule Cl Ϫ /ox 2Ϫ exchange (Fig. 3) , and finally 4) whole animal gut oxalate absorption to CaOx crystal formation ( Figs. 1 and 2 ). These studies also illustrate that dPrestin (Slc26a5/a6) is key to this physiological process and mimics the pathophysiology of CaOx renal stone formation.
Using Slc26a6 knockout mice, the group of Aronson (31) reported that oxalate secretion into intestinal lumen is important for protecting against stone formation, which means that oxalate transporter (Slc26a6) in gut contributes to keep out oxalate from body fluid by mediating oxalate secretion into the intestinal lumen. This is a first defense system to eliminate oxalate at gut. Once oxalate goes into body fluid, it should be excreted from renal tubules but direct evidence of oxalate secretion at renal tubules was reported in few studies (3) . In this study, we used c42-and Uro-drivers for specific expression of dPrestin at Malpighian tubules but not at gut and showed that renal secretion is also a quite important defense factor for oxalate secretion. For preventing oxalate accumulation in body fluid, the transporter-depending oxalate secretion system in both gut and renal tubules is important. This study showed the direct evidence that oxalate transporter (dPrestin) at renal tubules (MT) excrete oxalate to the lumen.
Given that nucleation and growth of CaOx crystals can be followed in real time in an intact renal tubule, and the ease of genetic and physiological intervention in this model, these results confirm that Drosophilia can be used to rapidly study factors that modulate ion transport and crystallization within the tubules. This approach is particularly valuable, because there are presently very limited clinical therapies for this very common kidney disorder. Nonetheless, we have found the pharmacology of transport in Drosophilia to be very similar to that of humans. For example, well-known drugs like ouabain (54) , amiloride (12, 20) , or the antidiabetic sulfonylureas (16) work well on Drosophilia renal tubule and with similar IC 50 s to human. Furthermore, the low solubility product of CaOx implies that once formed, stones are unlikely to redissolve rapidly. Thus the ability to view the nucleation event, and screen for therapies that inhibit it, is uniquely valuable. Fig. 5A . CaOx, calcium oxalate.^and * identify specific rings annotated in Fig. 5A . 
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